Floral and extra-floral nectars are secretions elaborated by specific organs (nectaries) that can be associated with plant reproductive structures (the so-called floral nectaries found only in angiosperms) or vegetative parts (extrafloral nectaries). These secretions are common in terrestrial vascular plants, especially angiosperms. Although gymnosperms do not seem to have true nectar, their ovular secretions may share evolutionary links with angiosperm nectar. Nectar is generally involved in interactions with animals and by virtue of its sugar and amino acid content, it has been considered a reward offered by plants to animals in exchange for benefits, mainly pollination and indirect defense against herbivores. These relationships are often cited as examples of classical mutualistic interactions. Nonetheless, recent studies dealing with compounds less abundant than sugars and amino acids challenge this view and suggest that nectar is much more complex than simply a reward in the form of food. Nectar proteins (nectarins) and nectar secondary compounds have no primary nutritious function but are involved in plant-animal relationships in other ways. Nectarins protect against proliferation of microorganisms and infection of plant tissues by pathogens. Nectar secondary compounds can be involved in modulating the behavior of nectar feeders, maximizing benefits for the plant. Nectar-dwelling microorganisms (mainly yeasts) were recently revealed to be a third partner in the scenario of plant-animal interactions mediated by nectar. There is evidence that yeast has a remarkable impact on nectar feeder behavior, although the effects on plant fitness have not yet been clearly assessed. Keywords nectar; plant-animal interactions; indirect defense; pollination; nectar secondary compounds; nectar proteins; microorganisms
In evolutionary history, extra-floral nectaries first appeared in pteridophytes. Since ferns do not have flowers, their nectaries cannot be called extra-floral but foliar, because they are always on the fronds [1] . Since ants originated in the early Cretaceous period (115-135 Ma) [2] , extra-floral nectar probably initially had a function that did not involve ants [3] . De la Barrera and Nobel [4] postulated that nectar may originally have evolved independently of any interaction with animals. According to the "leaky phloem" hypothesis, nectar secretion may have originated as leakage of phloem sap through anatomical weak points in developing tissues subject to high pressure in the phloem. Interaction of extra-floral nectaries with ants may have evolved after the latter's appearance in the early Cretaceous [2] . The diversity of extra-floral nectaries is much higher in angiosperms than in ferns in terms of phenology, structure, and topography as well as in terms of the diversity and intimacy of interactions with ants [5, 6] . In some angiosperms, this relationship is generalized mutualism with ants not living on the plant itself, and with extra-floral nectar as the only plant-produced nutritional reward. Other angiosperms, the so-called myrmecophytes, maintain intimate associations with individual ant colonies, providing them with food (extra-floral nectar and "food bodies", i.e., specific organs rich in lipids and proteins) as well as domatia (generally hollow stems or thorns) to house the ants [6] .
Curiously, secretion of nectar-like substances is not restricted to the plant kingdom, but can also be produced by animals and fungi. The effect is to attract ants and obtain indirect defense or spore dispersal. Aphids (Hymenoptera: Aphididae) suck the phloem sap and excrete sugary droplets, called honeydew, collected by ants that defend the aphids from enemies. Caterpillars of some species of blues (Lepidoptera: Lycaenidae) secrete sugary droplets from a dorsal gland (named nectar gland because of its sugar-based chemistry, similar to true plant nectar); these secretions also attract ants that protect the caterpillar from its predators [7] . These examples demonstrate that indirect defense mediated by sugary secretions evolved independently several times in different ecological scenarios, probably because this type of protection from predators is particularly efficient.
Floral nectaries are widely present in angiosperms, apparently much more than extra-floral nectaries. They are completely lacking only in very early branching lineages (Amborellaceae, Austrobaileyales) [8] . Angiosperm floral nectaries have enormous diversification in terms of topography, anatomy, ultrastructure, and secretion mechanisms, and they are often lost or acquired within a lineage (reviewed by Bernardello [8] ). Despite this very high diversification of the secreting organ, floral nectar is always involved in interactions with pollinating animals.
The presence of nectar in Gymnosperms is debated. There are no nectaries in the vegetative parts of the plant body of any of the extant gymnosperm species [6] . Some authors (summarized by Bernardello [8] ) have improperly used the term "nectar" to indicate the pollination drops of several Gnetophyta. Pollination drops, i.e., sugary secretions produced by ovules, occur in most gymnosperms and their primary functions are pollen capture and nourishment. Although most gymnosperms are wind pollinated, insect contribution to pollination is also reported in several Gnetophyta [9] [10] [11] [12] [13] . When insects are involved, they generally feed on the pollination drops, as they do with angiosperm floral nectar. This similar function is probably why the term "nectar" is inappropriately used to describe the pollination drop of Gnetophyta.
In some Ephedra and Gnetum species, in addition to these pollination drops, true nectaries have also been reported on the bracts enveloping the reproductive units of male and female plants and on the collars [8] . According to Jörgensen and Ridyn [14] , this additional secretion in Gnetum cuspidatum is improbable. The liquid reported on the collars and male units of this species are probably pollination drops that have leaked from the sterile ovules associated with the male organs that secrete these drops.
According to Nepi et al. [3] , although they are ontogenetically, anatomically, and physiologically distinct (not homologous), angiosperm floral nectar and pollination drops may share evolutionary links. Insect mouthpart structures and plant reproductive traits indicate that insect feeding on plant exudates, such as the pollination drops of gymnosperms, far antedates the origin of angiosperms, extending back to the early Mesozoic era [9, 15] . Wind, however, has remained the main gymnosperm pollen vector. The new condition of enveloped ovules evolved by angiosperms made the primary source of sugary exudates (i.e., the pollination drop) unavailable. Insects pre-adapted to feed on sugary secretions were then "co-opted" by flowers, i.e., the more specialized reproductive structures of angiosperms, that soon exploited entomophily by producing a sugary secretion in the form of nectar. Through the impressive diversification of floral traits (comprising nectary and nectar diversification), entomophily subsequently became the main pollination mechanism in angiosperms.
It seems that angiosperms were prompter than pteridophytes and gymnosperms in exploiting animal services for indirect defense and pollen dispersal, presumably because their intrinsic adaptability favored quick adaptive evolution of new characters [16] .
The traditional concept of nectar as alimentary reward in plant-animal interactions
Irrespective of the type of interactions in which it is involved (indirect defense or pollen dispersal), nectar is traditionally considered the main alimentary reward that attracts animals to plants. Nectar characteristics fit this function perfectly. Being an aqueous solution, nectar is easily ingested, digested, and absorbed by the digestive tract, and is therefore a very cost-effective alimentary resource for a wide array of animals [17, 18] . Its chemical composition is dominated by high concentrations of simple sugars, a ready-to-use energy source useful for powering the flight of feeding animals. The disaccharide sucrose and the hexoses glucose and fructose are the dominant sugars in nectar and a combination of these three sugars is generally found [19] . Glucose and fructose in nectar are derived from sucrose by hydrolysis and are therefore generally present in equal amounts. Unbalanced hexose ratios may result from different biochemical pathways of the two sugars before secretion or may be due to yeasts that alter the nectar sugar profile [20] .
Floral nectars were categorized by Baker and Baker [21] according to the ratio by weight of sucrose to combined hexoses, S/(G+F): sucrose-dominant (>1.0), sucroserich (0.5-1.0), hexose-rich (0.1-0.5), hexose-dominant (<0.1). This categorization, although extensively used in the scientific literature, has been criticized as biased by overemphasis on sucrose. Sugar percentages are now recommended for describing the sugar profile of nectar [19] .
Nectar sugar profile tends to be relatively constant between individuals of the same species [19] . This constancy is partly explained by a coevolutionary relationship between the relative percentage of sugar in nectar and the food preferences of pollinators. This implies that phylogenetically unrelated angiosperm species sharing the same type of pollinators evolved convergent floral nectar chemistry [21] . Flowers of species pollinated by Old World bats, hummingbirds, butterflies, moths, and longtongued bees tend to produce nectar with a higher percentage of sucrose, whereas flowers pollinated by New World bats, flies, perching birds, and short-tongued bees tend to produce nectar with a higher percentages of hexoses [21] . The specific nectar sugar profile of a preferred nectar can match particular physiological traits of the pollinator. For example, hummingbirds that feed largely on nectar and sunbirds (specialized passerine nectarivores) have high invertase activity in their alimentary canal that allows them to feed preferentially on sucrose-dominant nectars [22] . On the other hand, opportunistic-generalist nectarivorous species have variable levels of invertase activity and species with the lowest activity feed primarily on hexose nectars in the wild [23] .
Similarly, animal specialization appears related to sugar composition in extra-floral nectar. Obligate acacia-ant plants house mutualistic ants as an indirect defense mechanism and provide them with extra-floral nectar containing no sucrose due to its high invertase activity. Non-symbiotic ants are not attracted by this nectar because they generally prefer sucrose-rich to hexose-rich nectars [24] . On the contrary, adult Pseudomyrmex ants that are specialized to live on Acacia plants have almost no invertase activity in their digestive tracts and prefer sucrose-free extra-floral nectar [25] .
The alimentary importance of nectar is complemented by the presence of free amino acids. Although they occur at 100th-1000th the concentrations of sugars, nectar amino acids contribute to the taste of nectar [19] , and are also an important source of nitrogen for animals, especially those exclusively dependent on nectar for food (such as butterflies and hummingbirds) [17] . Specific preferences for different amino acids are known for floral and extra-floral nectar feeders. Proline is an amino acid preferred by bees [26] and interestingly is one of the most abundant in the floral nectar of several melittophilous plants [27] . Phenylalanine also is frequently found in floral nectar of species pollinated by bees in certain Mediterranean habitats and is a strong phagostimulant [28] . Preferences for specific amino acids or for specific mixtures of amino acids are also known for ants and these preferences vary according to ant species and specialization [24, 29] . The amino acid composition of extra-floral nectar allows myrmecophyte Acacia species to be distinguished from non-myrmecophytes: the former have a higher proline and phenylalanine content [29] . Symbiotic ants of myrmecophytes prefer the amino acids that are abundant in the extra-floral nectar of host plants, whilst non-symbiotic ants are less selective.
Beyond the alimentary reward
An interesting aspect emerging from recent research on the chemical and biochemical characterization of nectar is that several substances are not directly related to the nutritional value of this secretion. This new information challenges the classical view of nectar as an alimentary reward for animals involved in mutualistic interactions with plants. In particular, two classes of nectar compounds have been the focus of studies this century: secondary compounds and proteins (so-called nectarins). These studies shed light on complex interactions that have hitherto remained hidden.
Secondary metabolites
To maximize plant fitness, nectar needs to repel thieves and to benefit visitors, minimizing investment in rewards. Nectar secondary compounds may serve to balance this trade-off.
Secondary metabolites such as tannins, phenols, alkaloids, and terpenes have been detected in floral nectar in several angiosperm families since the 1970s and they are considered to be toxic deterrents against predators as well as a defense against microorganisms [30, 31] . Their effect on feeding animals is dose-dependent: they can be lethal in high doses, but in low doses their effects can differ, depending on the sensitivity of the interacting organism [31, 32] . The concentrations of secondary compounds in nectar are lower than in other plant parts, such as leaves, stems, or flowers, where they deter herbivores [31, 32] . It is not likely that secondary compounds in nectar coevolved with pollinators but rather that their presence is a pleiotropic trait, i.e., they occur in other plant organs (leaves, stems) and are transported by phloem/xylem during nectar production [31] . Pollinators presumably impose selection to lower their concentrations in nectar rather than to produce specific nectar secondary compounds [31] .
Researchers have highlighted that these compounds may play an important role in modulating visitors' behavior. Kessler et al. [33] demonstrated that the repellent nicotine and the attractant benzyl acetone are both necessary for maximizing fruit production and flower visits by native pollinators, while nicotine reduces theft of nectar by non-pollinating animals. Nicotine is a typical insect-repelling alkaloid that maximizes the number of flower visitors per unit volume of floral nectar secreted by Nicotiana attenuata. In this way plants can minimize nectar volumes, whilst maximizing pollination efficiency and seed production [34] . Singaravelan et al. [35] demonstrated that nicotine and caffeine at low concentrations induce a significant feeding preference in honeybees. It was proposed that these psychoactive alkaloids in nectar may create dependence or addiction in pollinators as well as improving the memory capacity of honeybees [36] . Indeed, it was recently demonstrated that honeybees rewarded with solutions containing nectar-like concentrations of caffeine remembered a floral scent better than honeybees rewarded with just sucrose [37] . Although this effect can be positive for the efficiency of bee foraging activity, it also has a negative counterpart since bees tend to return to the source of caffeinated nectar when the food is no longer available [38] .
There is evidence that certain secondary metabolites detected in nectar (such as gelsemine, anabasine, and nicotine) may benefit pollinators by increasing their resistance to parasites and pathogens. Most studies (reviewed in Stevenson et al. [31] ) involved bumblebees infected with the gut parasite Crithidia bombi. Consumption of these secondary compounds by bees generally lowered their pathogen load after infection but pre-exposure of the pathogen to the same substances did not decrease its viability.
A class of secondary compounds recently highlighted in floral nectar are the nonprotein amino acids, i.e., amino acids not involved in protein synthesis and therefore without primary alimentary importance. It has been hypothesized that this category of compound is also involved in modulating insect behavior, since those more common in nectar, i.e., γ-amino-butyric acid (GABA) and β-alanine, are important neuromodulators of insect nervous systems [39] . For example, in synergy with taurine, GABA is involved in limiting excessive and potentially disruptive excitation states during stress, probably acting as an antagonist of octopamine in regulating arousal pathways [40] . Since GABA-receptors in invertebrates are located peripherally in muscle tissue and neuromuscular junctions, bathed in haemolymph [41] , they can be sensitive to variations in GABA levels caused by insect feeding. Non-protein amino acids may affect insect behavior in other ways as well. Phagostimulatory activity is recognized for GABA and other solutes abundant in nectar, such as sucrose, proline, and phenylalanine, and synergic effects of different stimulants seem to occur at the same insect chemoreceptor [42] . Non-protein amino acids also appear to be involved in improving muscle performance in humans [43] [44] [45] . Preliminary results seem to confirm this function in insects, since those fed with an artificial diet enriched with non-protein amino acids showed increased movement [46] . Maintenance of efficient muscle performance in foraging insects helps plants, as it ensures pollinator movement between flowers, plants, and populations, thus promoting pollen and gene flow.
All the above considerations about secondary compounds refer to floral nectar. There has been almost no research into this class of substances in extra-floral nectar. Cardoso-Gustavson et al. [47] recently reported trace amounts of alkaloids in the extrafloral nectar of Passiflora. The amounts of alkaloids were not sufficient to induce deleterious effects on ant metabolism and growth and may therefore have functions other than deterrence.
Several secondary compounds are effective against microorganisms [31] and their presence in nectar may improve the efficiency of defenses composed mainly of proteins.
Nectar proteins (nectarins)
Proteins were first detected in floral nectar in the 1930s [48] . Advances in molecular biology, proteomics, and bioinformatics have only recently allowed better characterization of nectar protein profiles. Although nectarins may provide organic nitrogen to nectar consumers, their primary functions are not to attract or repel animals. Proteins found in nectar belong to two general functional classes: carbohydrate-metabolizing enzymes and proteins defending against proliferation of microorganisms (generally referred to pathogenesis-related proteins). Nectar enzymes are evidence that this secretion is not a static product, but rather a dynamic product that may undergo changes after secretion. However, little research has been dedicated to the regulation of nectar enzyme activity. Invertase, i.e., the enzyme that catalyzes hydrolysis of sucrose to glucose and fructose, thereby responsible for sugar composition, is of particular importance because it allows post-secretory transformation of the nectar sugar profile. Invertase has been known to occur in nectar since an early report in Tilia sp. published in the 1930s [48] but surprisingly its activity has not yet been characterized.
Although a handful of species have been analyzed by modern proteomic and bioinformatic approaches, it is clear that most of the proteins detected in floral and extrafloral nectar are proteins that defend the plant against microorganisms, and are part of a heterogeneous and widely diversified biochemical arsenal. Glucanases, chitinases, xylosidases, lipases, RNAases, peroxidases, elongation factors, desiccation-related proteins, and thaumatin-like proteins are major nectar proteins, the direct or indirect effect against microorganisms of which has been demonstrated or postulated [49] [50] [51] [52] [53] [54] [55] [56] [57] . A specific metabolic pathway (the nectar redox cycle) composed by five nectarins was reported in Nicotiana floral nectar where it produces high concentrations of hydrogen peroxide that protect nectar and nectary tissues against micro-organisms proliferation [49] .
It is worth underlining that nectar proteins may have multiple biological activities that add complexity to interactions between organisms. Chitinases are a case of particular interest in plant-animal relationships. They were recognized to be part of the defense arsenal of the extra-floral nectar of myrmecophyte Acacia species [52] and more recently they were reported to be responsible for manipulating the digestive specialization of their ant mutualists. Until a few years ago, ant mutualists were considered to have no invertase in their digestive tract and this physiological trait was compensated by the plant through secretion of sucrose-free extra-floral nectar [25] . Astonishingly, it was recently demonstrated that ant larvae do indeed have invertase activity which is lost by the time workers eclose from the pupae and start to feed on extra-floral nectar [58] . Invertase in the ant's gut is inhibited by chitinase, a dominant extra-floral nectarin, so adult ants are obliged to feed on that specific extra-floral nectar [58] . This is a clear example of how plants can modulate the behavior of feeding animals through the biochemistry of their nectar, enhancing insect dependency on host-derived rewards, and in turn allowing more efficient feedback, in this specific case indirect defense against herbivores.
Nectar dwelling microorganisms and their impact on pollinator foraging behavior
By virtue of its sugar-based composition, nectar can be an optimal environment for the growth of microorganisms, especially when it is exposed to the environment for long time (e.g., extrafloral nectar and nectar of long-lasting flowers). The wide and varied defense "arsenal" of nectar is mirrored by a variety of microorganisms that may grow in the nectar medium. The proliferation of microorganisms depends on their ability to tolerate a wide array of nectar environments that may contain different antimicrobial compounds. Some of these microorganisms are phytopathogens deleterious for plant health that exploit nectarostomata (i.e., the specialized open stomata through which nectar is often released) to enter plant tissues [59, 60] . Avoiding proliferation of these microbes in nectar greatly reduces risk of infection.
Another type of nectar-dwelling microorganism does not generally have a negative effect on plant health but may have a great impact on plant-pollinator interactions mediated by nectar. Yeasts are very common in floral nectar. About half the samples collected in tropical and temperate plant communities proved positive for yeasts and showed a preponderance of basidiomycetous and ascomycetous species of the genera Cryptococcus, Metschnikowia, and Candida [61, 62] .
Pollinators, usually insects, are the most likely candidates for transferring microbes from one flower to another [61] . Identification of yeasts isolated from nectar suggests that yeast assemblages vary among plant species, presumably as a consequence of differences in pollinator guild. Herrera et al. [61] found that yeast abundance and frequency in 22 plant species from southern Spain were significantly related to differences in the relative proportion of solitary bees and bumblebees in the pollinator assemblage: yeast incidence was more pronounced in species mainly pollinated by bumblebees. Moreover, Mittelbach et al. [63] demonstrated that basidiomycetous yeasts are significantly associated with nectar of ornithophilous flowers of the Canary Islands.
Yeasts are responsible for dramatic changes in nectar traits that may affect forager behavior. Yeast reduces the food value of nectar because it induces drastic changes in nectar chemical profile. Yeasts cause a decrease in sugar concentration and a significant reduction in sucrose percentage by fermentation [64, 65] . Since sugars are the prevailing constituents of most nectars and provide a prominent energy reward for many animals, their variation may condition foraging choices. Furthermore, yeasts use amino acids as nitrogen source, lowering their level in nectars [66] . It is interesting to note that yeast proliferation is greater in pollen-contaminated nectar, probably due to diffusion of free amino acids from the pollen into the nectar [66] . As in the case of sugars, specific preferences for particular amino acid profiles are known among pollinating animals and herbivore-defending ants [26, 29] . Thus, changes in nectar composition caused by yeasts may significantly alter the attractiveness of nectar to specific foragers.
Nectar fermentation by yeasts may raise ethanol concentrations to levels that are toxic to foraging animals. The fungus Cladosporium produces ethanol by fermenting the nectar of the orchid Epipactis helleborine [67] . Wasps become sluggish when they feed on this orchid and they groom their bodies less for pollinia. By limiting loss of pollinia, this behavior may enhance their transfer to stigmas and consequently orchid reproduction.
Nectar fermentation is also responsible for production of volatile organic compounds. These substances may affect plant-animal interactions by contributing to the scent of flower headspace perceived by foragers [68, 69] .
It is now clear that nectar-dwelling yeasts may significantly affect plant-animal interactions mediated by nectar. The extent to which this may alter the behavior of foraging animals, and in turn plant reproduction and fitness, has not yet been assessed. Herrera et al. [70] demonstrated that bumblebees can detect yeasts in artificial nectar and respond positively by preferentially visiting yeast-containing flowers and spending more time for each visit. This preference is harmful for the reproduction of Helleborus foetidus, probably because longer visits to yeast-containing flowers promote autogamy and therefore have a negative effect on seed production. Disentangling the details of these elaborate interactions will require further studies.
Bacteria may also have an impact on plant-pollinator mutualism. The common bacterium Gluconobacter sp. has a greater impact on the nectar chemistry of Mimulus aurantiacus than the nectar yeast Metschnikovia reukaufii and these changes weaken mutualism with pollinating hummingbirds [71] .
Perspectives and future challenges
Considering nectar as a mere alimentary reward for pollinators is an outdated view for several reasons: (i) modern characterization of nectarins shows that the protein component of nectar is mainly involved in interactions with organisms other than pollinators (microbes, pathogens, yeasts); (ii) a third partnership in nectar-mediated flower-pollinator relationships involves microorganisms that live in nectar (such as bacteria and especially yeasts) and may impact plant-animal interactions; (iii) nectar contains molecules (secondary compounds) that may affect animal behavior, maximizing pollination efficiency and/or indirect defense against herbivores. A source of nectar secondary compounds can be yeast contamination itself. For example, biogenic amines (e.g., histamine, serotonin, dopamine, tyramine, tryptamine, octopamine, ephedrine) are responsible for various behavior-modifying effects on the human and insect brain [72] . They may be generated by microbial decarboxylation of free amino acids. Since they have been found in organic matrices fermented by yeasts [73] , they are likely to be found in nectar. On the other hand, yeast contamination of nectar can reduce the concentration of certain secondary compounds, reducing their effect on pollinators [74] . Interactions involving microorganisms clearly make the ecological scenario linking nectar secondary compounds and pollinators more complex. Very few of the thousands of plant secondary metabolites have been detected in nectar and a direct effect on animal brains has only been demonstrated in the case of caffeine [37] . More cases will likely be discovered in the near future by interdisciplinary research involving nectar chemistry, insect physiology and neurobiology. However, we can already glimpse a more complex web involving interactions between nectar, nectar feeders and microorganisms (Fig. 2) . Foraging by nectar feeders can indirectly affect nectar chemistry through contamination with microorganisms, while modifications in nectar chemistry induced by microorganisms can influence feeder behavior. The extent to which these effects may benefit plants is unknown.
An interesting scenario proposed by Grasso et al. [75] envisages that plants evolved chemicals, such as secondary compounds, that affect animal brains. These attract insects and manipulate their behavior to the benefit of plants. Although this scenario was postulated in the context of ant-plant relationships mediated by extra-floral nectar, it can be extended to floral nectar as well. It appears that rewardmediated interactions, traditionally considered to be mutualistic, may prove to involve partner exploitation to obtain benefits. 
